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TRANSMITTER PHASE SHIFT
DETERMINATION AND COMPENSATION

TECHNICAL FIELD

The present mvention relates generally to communication
transmitters and particularly to determining the amount of
phase shiit introduced by a transmuitter.

BACKGROUND

A wireless communication transmitter conditions a signal
for transmission over a channel, such as by converting that
signal to one having an amplitude and frequency more suit-
able for transmission. The resulting transmit signal, however,
may have a phase which 1s shifted relative to the signal input
to the transmitter (e.g., due to a biasing change of, and/or a
gain change of, and/or the non-linearity of, an amplifier or
other circuit included 1n the transmit path). A transmitter may
compensate for this undesired phase shift by applying the
opposite rotation to the phase of the mput signal.

Of course, the magnitude and direction of the phase shift
fluctuates with changes 1n the characteristics of certain trans-
mit path circuits. Changes in the gain of an amplifier, for
example, may alter the magnitude and direction of the phase
shift introduced by that amplifier. In this case, determining
the phase shift introduced at any given time 1s particularly
complicated 1n Code Division Multiple Access (CDMA) or
Long Term Evolution (LTE) systems where such gain
changes occur dynamically to maintain control over the trans-
mit signal power.

Prior approaches to determining transmitter phase shift
include the use of special test signals, which 1s undesirable 1n
terms of live operation. Other approaches require undesirably
complex trigonometric calculations or look-up tables, for
determining which phase shiit corresponds to a given oper-
ating condition.

SUMMARY

Methods and apparatus taught herein advantageously
determine transmitter phase shift, introduced by one or more
transmit path circuits, based on differences in tracked slope
polarities of a reference signal and a feedback signal. In one
embodiment, for example, a wireless communication trans-
mitter includes a dertvation circuit, one or more slope polarity
tracking circuits, and a phase shift computation circuait.

The dernivation circuit derives a reference signal from the
transmitter’s input signal, and derives a feedback signal from
the transmitter’s corresponding output signal. The slope
polarity tracking circuits track the slope polarities of the
reference and feedback signals, and the phase shift computa-
tion circuit computes the transmitter phase shift as a function
of differences 1n those tracked slope polarities.

More particularly, the slope polarnity tracking circuits track
the slope polarity of the reference and feedback signals by
evaluating the difference between successive samples
thereot, and determining whether this difference 1s positive or
negative. Provided with the tracked slope polarities computed
from the same respective samples of the reference and feed-
back signals, the phase shift computation circuit determines
whether or not such tracked slope polarities coincide with one
another. Out of a gtven number of tracked slope polarities, the
phase shift computation circuit advantageously recognizes
that a larger percentage of slope polarity comncidence indi-
cates a smaller phase shift between the reference and feed-
back signals. Conversely, a smaller percentage of slope polar-
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2

ity coincidence indicates a larger phase shift. Thus, the phase
shift computation circuit calculates the magnitude of the
phase shift based on this percentage.

To also determine the direction of phase shift, in one
embodiment, the transmitter rotates the reference signal by a
plurality of test angles and determines the magnitude and
direction of the phase shift as that of the test angle resulting 1n
the greatest percentage slope polarity coincidence. In another
embodiment, the transmitter derives the reference and feed-
back signals each as a complex signal having a number of
Cartesian components. In this case, the phase shift computa-
tion circuit determines the direction by evaluating the slope
polarity of one component of the feedback signal at the rising
edges of another component of the signals. One or more
embodiments of the transmitter contemplated herein com-
pensate the transmaitter input signal based on the determined
magnitude and direction of the transmitter phase shiit.

Of course, the present invention 1s not limited to the above
features and advantages. Indeed, those skilled 1n the art will
recognize additional features and advantages upon reading
the following detailed description, and upon viewing the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram illustrating a wireless commu-
nication transmitter according to one embodiment of the
present 1nvention.

FIG. 2 15 a logic tlow diagram 1illustrating one embodiment
of a method i the wireless communication transmitter of
FIG. 1 for determining transmitter phase shiit.

FIG. 3 15 a block diagram illustrating one embodiment of
the slope polarity tracking circuits and phase shift computa-
tion circuit for determining the magnitude of the transmaitter
phase shilit.

FIG. 4 1s a block diagram 1illustrating one embodiment of
the slope polarity tracking circuits and phase shift computa-
tion circuit for determining both the magnitude and direction
of the transmitter phase shiit.

FIG. § 1s a block diagram illustrating an alternative
embodiment of the slope polarity tracking circuits and phase
shift computation circuit for determining both the magnitude
and direction of the transmitter phase shait.

FIG. 6 15 a block diagram illustrating one embodiment of
the one or more transmit path circuits and the derivation
circuit, and also 1llustrates a wireless communication trans-
mitter that further includes a phase shift compensation circuait.

FIG. 7 1s a block diagram illustrating an alternative
embodiment of the wireless communication transmitter, the
input signal being represented with polar components.

DETAILED DESCRIPTION

FIG. 1 1llustrates one embodiment of a wireless communi-
cation transmitter 10. The wireless communication transmit-
ter 10 generally includes one or more transmit path circuits 12
and an antenna 14.

The transmit path circuits 12 are configured to convert an
mput signal S 1nto a corresponding transmit signal T for
transmission by the antenna 14. The transmuit path circuits 12
may 1nclude, for example, various analog-to-digital convert-
ers, frequency up converters, filters, amplifiers, etc. In condi-
tioning the 1nput signal S for transmission, however, at least
one of the transmit path circuits 12 shifts the phase of the
corresponding transmit signal T relative to that of the mput
signal S. Configured to determine this phase shiit, the wire-
less communication transmitter 10 further includes a deriva-



US 8,055,212 B2

3

tion circuit 16, one or more slope polarity tracking circuits 18,
and a phase shift computation circuit 20.

The dertvation circuit 16 1s configured to derive a reference
signal R from the mput signal S, and a feedback signal F from
the corresponding transmit signal T. The reference signal R
represents the input signal S before it 1s conditioned by the
transmit path circuits 12. Likewise, the feedback signal F
represents the corresponding transmit signal T, the result of
the transmit path circuits 12 conditioning the input signal S.
So derived, the transmitter 10 focuses on differences in the
polarities of the reference signal’s slope and the feedback
signal’s slope to determine the effect the transmait path circuits
12 have on the phase of the transmit signal T.

Functionally, therefore, the derivation circuit 16, the slope
polarnity tracking circuits 18a, 185 and the phase shiit com-
putation circuit 20 perform the steps 1llustrated in F1G. 2. That
1s, the dertvation circuit 16 derives the reference signal R from
the mput signal S and the feedback signal F from the corre-
sponding transmit signal T (Block 100). Given the reference

and feedback signals, R, F, the slope polarity tracking circuits
18a, 185 track the slope polarities thereot (Block 110), and

the phase shift computation circuit 20 computes the transmit-
ter phase shift as a function of differences in those tracked
slope polarities (Block 120).

FIG. 3 shows additional implementation details of the
slope polarity tracking circuits 18a, 185 and the phase shift
computation circuit 20 according to one embodiment. In FIG.
3, the slope polanty tracking circuits 18 each include a delay
circuit 22, a difference circuit 24, and a polarity circuit 26.
These circuits 22, 24, 26 track the slope polarity of a signal
over a number of samples of that signal, by evaluating the
difference between successive samples and determining
whether this difference 1s positive or negative.

Specifically, the dertvation circuit 16 derives the reference
signal R as N samples of the input signal S, taken during N
sampling 1ntervals. As used herein, each of these samples 1s
denoted by sample number n, where 0=n=N-1. Provided
with the samples, the delay circuit 22q latches or delays each
sample for one sampling interval. In sampling intervals after
the first, therefore, the difference circuit 24a receives a
sample for that interval, R(n), and also recerves from the delay
circuit 22a a sample for the previous interval, R(n-1). The
difference circuit 24a evaluates the difference between these
successive samples of the reference signal R as:

Slopeg(#)=R(#)-R(»n-1) (1)

This difference represents the slope of the reference signal
over successive samples, R(n) and R(n-1). The polarty cir-
cuit 264a, provided with Slope,(n), determines the polarity of
that slope (1.e., the Slope Polanity, SP):

A, Slopep(n) =0 } (2)

SP =
R() { B, Slope,(n) <0

where A and B are defined in this embodiment as +1 for
indicating a positive slope polarity and -1 for indicating a
negative slope polanty. (As will become apparent from the
description below, A and B have been defined as +1 and -1
merely for clarity of illustration. Indeed, 1n many embodi-
ments, A and B may be defined arbitrarily so long as A=B. In
certain embodiments, however, A and B must be defined, or at
least later converted into a form, so that A=B. See, for
example, embodiments utilizing equations 11 and 13).

The circuits 22a, 24a, and 26a operate as above for each
pair of successive samples of the reference signal R. Accord-
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4

ingly, the circuits 22a, 24a, and 26a compute N-1 slope
polarities of the reference signal R from N successive samples
thereol, and provide each slope polarity to the phase shiit

computation circuit 20.

In a similar manner, the circuits 225, 245, and 265 compute
N-1 slope polarities of the feedback signal F from N succes-
stve samples thereof, and provide each slope polarity to the
phase shift computation circuit 20. The difference circuit 245,
for example, evaluates the difference between successive
samples of the feedback signal F as:

Slopeg(n)y=F(n)-F(n-1) (3)

Likewise, the polarity circuit 265 determines the polarity of
the feedback signal’s slope over successive sampling inter-
vals as:

A, Sloperp(n) =0 } (4)

SPr(n) =
F(n) {B, Sloper(n) <0

where A and B are defined consistent with their definition in
equation (2) above, namely as +1 and —-1. Having computed
SP.(n) and SP..(n), theretfore, the slope polarity tracking cir-
cuits 18a, 186 provide the slope polarities of the reference and
teedback signals to the phase shift computation circuit 20.

The embodiment of FIG. 3 1llustrates the phase shift com-
putation circuit 20 implemented, at least in part, as a com-
parator circuit 28, a counter circuit 30, and a phase shift
magnitude calculator circuit 32. The comparator circuit 28
compares tracked slope polarities computed from the same
respective samples of the reference and feedback signals,
namely SP,(n) and SP-{(n). Based on this comparison, the
comparator circuit 28 indicates whether or not such tracked
slope polarities coincide with one another:

I, SPgr(n) = SPp(n) } (5)

SR ) = { 0. SPe(n) £ SPe(n)

(Hence the above note that A and B may be defined arbitrarily
so long as they are defined consistently for SP,(n) and SP
(n), and that A=B). From equation (5), SPC(n) represents the
Slope Polarity Coincidence (SPC) of the reference and feed-
back signals, determined based on the slope polarities com-
puted from sample n. Of course, as mentioned above, the
slope polanty tracking circuits 18a, 185 provide N-1 slope
polarities to the phase shift computation circuit 20, and, there-
fore, the comparator circuit 28 makes N-1 comparisons of
slope polarities.

The counter circuit 30, provided with SPC(n), counts the
number of times the slope polarities of the reference and
teedback signals coincide (1.e., the number of times SPC(n)
=1 out of the N-1 slope polarities). Defining this number as a
Figure of Merit (FOM) for determining transmitter phase
shift, the counter circuit 30 computes:

N—1
FOM = ZSPC(H)

n=1

(6)

As a corollary to equation (6), therefore, the percentage of
slope polarities out of the N-1 slope polarities at which the
slope polarities of the reference and feedback signals coin-
cide amounts to:
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N-1

7
% SPC = )

With this understanding, the phase shiit magnitude calcu-
lator circuit 32 advantageously recognizes that a larger per-
centage of slope polarity coincidence, % SPC, indicates a
smaller phase shift between the reference and feedback sig-
nals. Conversely, a smaller percentage of slope polarity coin-
cidence, % SPC, indicates a larger phase shift between the
reference and feedback signals. Thus, the phase shift magni-
tude calculator circuit 32 calculates the magmtude of the
phase shift between the reference and feedback signals, |¢l,
as:

$p1=1180-(1-% SPC) (8)

From equation (8), the magnitude of the phase shift 1s 180
degrees when the slope polarities of the reference and feed-
back signals never coincide (1.e., when FOM=0). Conversely,
the magnitude of the phase shift 1s 0 degrees when the slope
polarities of the reference and feedback signals always coin-
cide (1.e., when FOM=N-1).

As the reference and feedback signals were dertved from
the mput and transmit signals, respectively, the phase shift
magnitude calculator circuit’s determination of the magni-
tude of the phase shift between the reference and feedback
signals 1s likewise representative of that between the input
and transmit signals. Yet the phase shift magnitude calculator
circuit 32 as described above provides no indication as to the
direction of this phase shift. To this end, FI1G. 4 1llustrates one
embodiment of a transmitter 10 that further includes a refer-
ence signal rotation circuit 34 and a maximum coincidence
determination circuit 36.

In FIG. 4, the reference signal rotation circuit 34 shifts the
phase of the reference signal by each one of a plurality of test
angles. In one embodiment, for example, the test angles com-
prise a plurality of equally spaced angles between —180
degrees and +180 degrees (e.g., having a phase rotation
granularity of A0°). For each test angle, the slope polarity
tracking circuit 18a tracks the slope polarity of the reference
signal, as rotated by that test angle, and the phase shift com-
putation circuit 20 computes the % SPC between the refer-
ence signal, again as rotated by that test angle, and the feed-
back signal. (These computations may be performed
consistent with the above description of FIG. 3, albeit for
different test angles).

Over the different test angles, the maximum coincidence
determination circuit 36 keeps track of the test angle resulting
in the maximum % SPC between the reference signal and the
teedback signal. This test angle approximates the angle by
which the un-rotated reference signal and the feedback signal
differ. Accordingly, the phase shift computation circuit 20
determines the magnitude and direction of the transmitter
phase shift as that of the test angle resulting in the maximum
% SPC (1.e. the test angle resulting 1n the least difference
between the tracked slope polarities of the reference and
teedback signals).

Of course, those skilled 1n the art will readily appreciate
that the degree to which such a test angle approximates the
transmitter phase shift depends on the phase rotation granu-
larity. That 1s, the larger the phase rotation granularity, the
greater the error 1n the approximation. The smaller the phase
rotation granularity, however, the more test angles for which
the transmitter must compute the % SPC. Other embodiments
of the present mvention, therefore, contemplate use of an
intelligent search algorithm (e.g., successive approximation)
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6

to narrow down the number of test angles for which the
transmitter must compute the % SPC. In this case, instead of
the range of angles between —180 degrees and +180 degrees
comprising the test angles themselves, these angles merely
represent a range of candidate angles. From this range of
candidate angles, the phase shift computation circuit 20 uses
an 1ntelligent search algorithm to preemptively or incremen-
tally select the test angles.

Nevertheless, as a faster alternative to computing the %
SPC for any number of test angles, FIG. 3 illustrates another
embodiment of the transmitter 10. In this embodiment, the
derivation circuit 16 derives each of the reference and feed-
back signals as a complex signal having a number of Carte-
sian components (e.g., first and second Cartesian compo-
nents). For example, the first and second Cartesian
components are an inphase component and a quadrature com-
ponent, respectively.

To determine the magnitude of the transmitter phase shiit,
the slope polarity tracking circuits 18a, 185 track the slope
polarity of the same Cartesian component of the reference
and feedback signals, respectively. In the embodiment of
FIG. 5, for example, the slope polarity tracking circuit 18a
tracks the slope polarity of the reference signal’s first Carte-
sian component, SP, (n), while the slope polarity tracking
circuit 185 likewise tracks the slope polarity of the feedback
signal’s first Cartesian component, SP. (n). Provided with
these slope polarities, SPz (n) and SP (n), the phase shift
computation circuit 20 computes the SPC(n) as described
above 1n equation (5), but based only on the slope polarity of
cach signal’s first Cartesian component:

1, SPg (n)=SPr, (n)} 9)

SrCn) = { 0, SPg, (1) % SPg, (n)

Using the result of equation (9), the phase shift computation
circuit 20 calculates the FOM, % SPC, and ¢l as described
above 1n equations (6), (7), and (8) to thereby determine the
magnitude of the transmitter phase shift.

To determine the direction of the transmitter phase shiit,
the transmitter 10 further includes a comparator circuit 40, a
counter circuit 42, a phase shiit direction computation circuit
44, and an additional slope polarity tracking circuit 18¢. The
comparator circuit 40 detects the rising edges (RE) of the
slope polarity of each signal’s first Cartesian component by
comparing SP, (n) and SP. (n):

(10)

L, SPg, (n)> SPr, (1)
SPRE;(n) = { }

0, SPg, (n) < SPF, (n)

According to equation (10), SPRE, (n)=1 indicates samples
where the slope polanity of the reference signal’s first Carte-
s1an component 1s ncreasing while the slope polanity of the
teedback signal’s first Cartesian component 1s still decreas-
ing. As these samples occur next to the extremum (1.e., the
minimum or maximum) of each signal’s first Cartesian com-
ponent, SPRE,(n) indicates whether the reference or feed-
back signal changes direction earlier in time. Accordingly, the
transmitter 10 calculates the direction of the phase shift by
correlating SPRE, (n) with any of the Cartesian components
of either the reference of feedback signal.

The counter circuit 42, for example, correlates SPRE, (n)
with the slope polarity of the feedback signal’s second Car-
tesian component, SP. (n), which s tracked by the additional
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slope polarity tracking circuit 18¢. In doing so, the counter
circuit 42 evaluates SP,. (n) for samples where SPRE, (n)=1
and accumulates such evaluations over all samples:

N—-1
DIR(¢) = Z SPe, (n)- SPRE, (n)

n=1

(11)

In the embodiment where SP. (n) evaluates to +1 when the
slope polarity of the feedback signal’s second Cartesian com-
ponent 1s positive, and to —1 when that slope polarity 1s
negative, the sign of DIR(¢) indicates the sign of the trans-
mitter phase shift. (Hence the above note that A and B may be
defined arbitrarily so long as they are defined, or at least later
converted into a form, so that A=—B). Accordingly, the phase
shift direction computation circuit 44 determines the direc-
tion of the phase shiit as the sign of DIR(¢).

Of course, those skilled 1n the art will readily appreciate
that FIG. 5 merely illustrates one embodiment of the trans-
mitter 10. For example, the present invention 1s not limited to
using the first and second Cartesian components 1n the exact
manner as described above. In fact, rather than correlating the
rising edges of the slope polarity of each signal’s first Carte-
sian component with the slope polarity of the feedback sig-
nal’s second Cartesian component, the transmitter 10 may
correlate the rising edges of the slope polarity of each signal’s
second Cartesian component with the slope polarity of the
teedback signal’s first Cartesian component. That i1s, the
phase shiit computation circuit 20 may compute the direction
of the transmitter phase shift according to equations (12) and

(13) below, mstead of equations (10) and (11):

(12)

I, SPg,(n)> SPg, (n)
SPRE,(n) = { }

0, SPg,(n)<SPg, (1)

N—1

(13)
DIR(¢) = Z SPg, (n)- SPREy(n)
n=1

In this case, the slope polanty tracking circuit 184 tracks the
slope polarity of the reference signal’s second Cartesian com-
ponent, alternatively or in addition to tracking that of the
reference signal’s first Cartesian component.

Those skilled 1n the art will also appreciate that the present
invention 1s not limited to using the rising edges, and, instead,
may use the falling edges (FE) as shown below:

I, SPg, (n) <SPg, (1) (14)

SPFELR) =S { 0, SPg, (n) = SPg, (n)

In this case, the direction of the phase change may be calcu-
lated 1n a way similar to that with respect to the rising edges,
except for adjustments to the sign of DIR(¢) (at least assum-
ing that A and B are defined as +1 and —1 in the same way as

well).

N-1
DIR(p) = — Z SPE, (n)- SPFE, (n)

n=1

(15)

An alternative formulation for the 2”¢ Cartesian component is
applicable as well:
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1, SPr, (1) <5Pp,(n) (16)
SPFE,(n) =
{ 0, SPg,(n) = SPE, (1)
N-1 (17)
DIR(p) = —Z SPr, (n)-SPFE;(n)
n=1

Still turther, the above description correlated the rising or
falling edges of the slope polarities with the slope polarity of
the feedback signal (SP (n) or SPy (n)). The present inven-
tion, however, also contemplates that the rising or falling edge
of the slope polarities may be correlated with the slope polar-

ity of the reference signal:

N—-1

(13)
DIR(¢) = Z SPg, (n)-SPRE} ()
n=1

N-1
DIR(p) = —Z SPg, (n)- SPFE,(n)

n=1

(19)

N—-1
DIR(¢p) = Z SPg , (n)-SPRE(n)

n=1

(20)

N-1
DIR(p) = —Z SPr, (n)- SPFEx(n)

n=1

(21)

In various embodiments described above, those skilled 1n
the art will appreciate the modifications needed i FIG. 5 to
produce the values used. Rather than tracking the slope polar-
ity of the feedback signal’s second Cartesian component SP ..
(n), for example, the slope polarity tracking circuit 18¢ in one
embodiment 1instead tracks the slope polarity of the reference
signal’s second Cartesian component, SP (n).

The present invention 1s also not limited to exclusive use of
the first Cartesian components for determining the magnitude
of the transmaitter phase shift. Rather, other embodiments may
exclusively use the second Cartesian components for such
determination. In this case, the phase shift computation cir-
cuit 20 computes the SPC(n) according to equation (14)
below, mstead of equation (9):

1, SPg,(n) = SPg,(n) } (14)

Pt = { 0, SPg,(n) % SPg,(n)

Still other embodiments may use both the first and second
Cartesian components for determining the magnitude of the
phase shiit. To explain, the phase shift computation circuit 20
may determine the phase shift over one or more determination
intervals (1.e., based on one or more sets of N samples for the
reference and feedback signals). With this understanding, the
phase shiit computation circuit 20 may use both the first and
second Cartesian components in each determination interval,
or use the first and second Cartesian components 1n alternat-
ing intervals. That 1s, 1n the former case, the phase shiit
computation circuit 20 computes the SPC(n) using the first
Cartesian components (1.€., according to equation (9)), and, 1n
the same determination interval, separately computes the
SPC(n) using the second Cartesian components (1.€., accord-
ing to equation (14)). In this case, the phase shift computation
circuit 20, determines the magnmitude of the transmuitter phase
shift based on a parallel analysis of the first and second
Cartesian components.
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In the latter case, the phase shift computation circuit 20
computes the SPC(n) using the first Cartesian components 1n
some determination intervals, and, in other determination
intervals, computes the SPC(n) using the second Cartesian
components. In this case, the phase shift computation circuit
20, may determine the magnitude of the transmitter phase

shift based on an alternating analysis of the first and second
Cartesian components:

(15)

( For even n: 1, SPg, (n) = SPg, (n)

0, SPg (n) £ 5Pp (1)
SPC(n) =+ \
For odd n: 1, SPg, (1) = SPp, (1)

0, SPg,(n) £ SPg,(n)

Turning now to the implementation details of the deriva-
tion circuit 16, FIG. 6 1llustrates these details according to one
embodiment of the present invention. In FIG. 6, the dertvation
circuit 16 derives the reference and feedback signals R, F so
as to limit their differences to those attributable to the phase
shift introduced by one or more of the transmait path circuits
12. The circuits 12 1n FIG. 6, for example, convert a baseband
iput signal S to a radio transmit signal T, and include a
digital-to-analog converter (DAC) 50, a low pass filter (LPF)
52, a frequency up-converter 54, and an amplifier 56 (e.g., a
power amplifier, PA, a variable gain amplifier, VGA, or both).
In this case, the amplifier 56 may introduce a phase shiit to the
radio transmit signal T relative to the baseband input signal S,

while the DAC 50, LPF 52, and up-converter 54 do not.
Moreover, each of the DAC 50, LPF 52, up-converter 34, and
amplifier 56 delays the radio transmit signal T 1n time, relative
to the baseband input signal S.

To limit the difference between the reference and feedback
signals R, F to those resulting from a phase shiit introduced
by the amplifier 56, the dertvation circuit 16 includes a down
converter 38, an analog-to-digital converter (ADC) 60, a deci-
mation filter 62, and a delay circuit 64. The down converter
58, ADC 60, and decimation filter 62 derive the feedback
signal F as a baseband representation of the transmit signal T,
thereby offsetting differences introduced by the DAC 50, LPF
52, and up-converter 34. Similarly, the delay circuit 64 syn-
chronizes the feedback signal F 1in time with the reference
signal R. That 1s, the delay circuit 64 offsets differences
introduced by the time the transmit path circuits 12 take to
convert the mput signal S to the transmit signal T, plus the
time the dermvation circuit 16 takes to derive the feedback
signal F from the reference signal R. So derived, differences
in the reference and feedback signals R, F are attributable to
those resulting from the amplifier 56.

Having determined the phase shift introduced based on
these differences, the transmaitter 10 of FIG. 6 further includes
a phase shift compensation circuit 66 to offset the effect of
such an unwanted phase shift. To do so, the phase shift com-
pensation circuit 66 adjusts the phase of the input signal S by
the determined magnitude, but in the opposite direction, of
the transmitter phase shiit.

In one embodiment, the phase shift compensation circuit
66 dynamically adjusts the phase of the input signal S upon
configuration changes in the one or more transmit path cir-
cuits 12. As depicted 1n FIG. 6, for example, the amplifier 56
may be configured to have one or more gain values depending
on the bias or gain stage set for the amplifier 56. Each differ-
ent gain value of the amplifier 56 introduces a different phase
shift to the transmit signal T. The phase shift compensation
circuit 66 dynamically compensates for these different phase
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shifts, however, by adjusting the phase of the input signal S
upon changes in gain value of the amplifier 56.

Further 1llustrated 1n FIG. 6, the phase shift compensation
circuit 66 optionally adjusts the phase of the mnput signal S 1n
coordination with a controller circuit 68. The controller cir-
cuit 68 maintains the state of the transmitter, such as the
number of samples taken during a given determination inter-
val, the timing required for the transmitter, and other process
control information.

Moreover, as depicted 1n FIG. 6, the phase shift compen-
sation circuit 66 adjusts the input signal S before the signal S
1s used for dertving the reference signal R. Those skilled in the
art will appreciate, of course, that the phase shift compensa-
tion circuit 38 may alternatively adjust the actual generation
of the input signal S, so that it 1s generated with the appropri-
ate phase compensation. As another alternative, the phase
shift compensation circuit 38 may instead adjust the 1nput
signal S after the signal S 1s used for such derivation.

Those skilled in the art will further appreciate that the
phase shift compensation circuit 66 receives any type ol infor-
mation suificient to determine the requisite mput signal
adjustment, and 1s not limited to recerving the determined
magnitude and direction of the phase shiit.

Furthermore, although certain embodiments herein refer to
Cartesian components of the reference and feedback signals,
the input signal S may be represented with either Cartesian
components or polar components (e.g., magnitude and phase
components). See, for example, FIG. 7 which shows the input
signal S represented with magnitude r and phase ¢ compo-
nents. When represented with polar components, however,
the transmitter 10 1n at least one embodiment converts the
iput signal S into 1ts Cartesian components to calculate the
direction of the transmitter phase shiit as described above.

Still further, the wireless communication transmitter 10
may be a transmitter for any kind of equipment 1n a wireless
communication system (e.g., a mobile station or a base sta-
tion) and may communicate based on any applicable wireless
communication standard.

Thus, 1t should be understood that the foregoing descrip-
tion and the accompanying drawings represent non-limiting
examples of the methods and individual apparatuses taught
herein. As such, the present invention 1s not limited by the
foregoing description and accompanying drawings. Instead,
the present invention 1s limited only by the following claims
and their legal equivalents.

What 1s claimed 1s:

1. A method m a wireless communication transmitter of
determining transmitter phase shift, comprising:

deriving a reference signal from an input signal of the

transmitter and a feedback signal from a corresponding
transmuit signal output by the transmaitter;

tracking the slope polarities of the reference signal and the

feedback signal; and

computing the transmitter phase shift as a function of dif-

ferences 1n the tracked slope polarities.

2. The method of claim 1 wherein tracking the slope polari-
ties of the reference signal and the feedback signal comprises
evaluating the difference between successive samples of the
reference signal and the difference between successive
samples of the feedback signal, respectively.

3. The method of claim 1 wherein tracking the slope polari-
ties of the reference and feedback signals comprises tracking,
a given number of slope polarities for each of the reference
and feedback signals, and wherein computing the transmaitter
phase shift comprises calculating the magnitude of the phase
shift based on a percentage of slope polarities out of the given
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number of slope polarities at which the slope polarities of the
reference and feedback signals coincide.

4. The method of claim 1 further comprising:

shifting the phase of the reference signal by each one of a

plurality of test angles;

tracking the slope polarity of the reference signal for each

test angle; and

determining the magnitude and direction of the transmitter

phase shift as that of the test angle resulting in the least
difference between the tracked slope polarity of the ret-
erence signal and the tracked slope polarity of the feed-
back signal.

5. The method of claim 4 turther comprising selecting the
plurality of test angles from a range of candidate angles.

6. The method of claim 1 wherein the reference signal and
the feedback signal are each a complex signal having a num-
ber of Cartesian components, and wherein tracking the slope
polarities of the reference signal and the feedback signal
comprises tracking the slope polarities of the same Cartesian
component of the reference signal and the feedback signal.

7. The method of claim 1:

wherein the reference signal and the feedback signal are

cach a complex signal having first and second Cartesian
components;

wherein tracking the slope polarities of the reference signal

and the feedback signal comprises tracking the slope
polarities of each signal’s first and second Cartesian
components; and

wherein computing the transmitter phase shift comprises

computing a phase shiit in each of multiple determina-
tion 1intervals, the computation being based 1n each inter-
val on both differences 1n the tracked slope polarities of
the first Cartesian components and differences in the
tracked slope polarities of the second Cartesian compo-
nents, or, alternatively, the computation being based in
some 1ntervals on only differences 1n the tracked slope
polarities of the first Cartesian components and 1n other

intervals on only differences in the tracked slope polari-
ties of the second Cartesian components.

8. The method of claim 1:

wherein the reference signal and the feedback signal are
cach a complex signal having first and second Cartesian
components;

wherein tracking the slope polarities of the reference signal
and the feedback signal comprises tracking the slope
polarity of each signal’s first or second Cartesian com-
ponent, and, respectively, tracking the slope polarity of
the feedback signal’s second or first Cartesian compo-
nent;

turther comprising detecting rising or falling edges of the
slope polarity of each signal’s first or second Cartesian
component by comparing the tracked slope polarities of
the signals’ first or second Cartesian component; and

further comprising determiming the direction of the trans-
mitter phase shift as a function of the tracked slope
polarity of the feedback signal’s second or first Carte-
stan component evaluated at the rising or falling edges of
the slope polarity of each signal’s first or second Carte-
s1an component.

9. The method of claim 1:

wherein the reference signal and the feedback signal are
cach a complex signal having first and second Cartesian
components;

wherein tracking the slope polarities of the reference signal
and the feedback signal comprises tracking the slope
polarity of each signal’s first or second Cartesian com-
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ponent, and, respectively, tracking the slope polarity of
the reference signal’s second or first Cartesian compo-
nent;

turther comprising detecting rising or falling edges of the
slope polarity of each signal’s first or second Cartesian
component by comparing the tracked slope polarities of
the signals’ first or second Cartesian component; and

turther comprising determining the direction of the trans-
mitter phase shift as a function of the tracked slope
polarity of the reference signal’s second or first Carte-
stan component evaluated at the rising or falling edges of
the slope polarity of each signals’ first or second Carte-
sian component.

10. The method of claim 1 wherein the mput signal 1s a
baseband signal and the corresponding transmit signal 1s a
radio signal, and wherein deriving the reference signal from
the mput signal and the feedback signal from the correspond-
ing transmit signal comprises synchronizing the reference
signal with a baseband representation of a transmuit signal that
corresponds to the mnput signal.

11. The method of claim 1 further comprising compensat-
ing for the transmitter phase shiit by adjusting the phase of the
input signal.

12. The method of claim 11 wherein compensating for the
transmitter phase shift comprises dynamically compensating,
for the transmitter phase shift upon changes in the configu-
ration of the transmutter.

13. The method of claim 1 wherein the mput signal 1s
represented with either Cartesian components or polar com-
ponents.

14. A wireless communication transmitter configured to
determine transmitter phase shift comprising:

one or more transmit path circuits configured to convert an
input signal of the transmitter mto a corresponding
transmuit signal for transmission by an antenna;

a dertvation circuit configured to derive a reference signal
from the mput signal and a feedback signal from the
corresponding transmait signal;

one or more slope polarty tracking circuits configured to
track the slope polarities of the reference signal and the
feedback signal; and

a phase shiit computation circuit configured to compute the
transmitter phase shiit as a function of differences 1n the
tracked slope polarities.

15. The wireless communication transmitter of claim 14
wherein the one or more slope polarity tracking circuits are
coniigured to track the slope polarities of the reference signal
and the feedback signal by evaluating the difference between
successive samples of the reference signal and the difference
between successive samples of the feedback signal, respec-
tively.

16. The wireless communication transmitter of claim 14
wherein the one or more slope polarity tracking circuits are
configured to track a given number of slope polarities for each
of the reference and feedback signals, and wherein the phase
shift computation circuit 1s configured to compute the trans-
mitter phase shift by calculating the magnitude of the phase
shift based on a percentage of slope polarities out of the given
number of slope polarities at which the slope polarities of the
reference and feedback signals coincide.

17. The wireless communication transmitter of claim 14:

turther comprising a reference signal rotation circuit con-
figured to rotate the phase of the reference signal by each
one of a plurality of test angles;

wherein the one or more slope polarity tracking circuits are
further configured to track the slope polarity of the ret-
erence signal for each test angle; and
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wherein the phase shift computation circuit is configured to
determine the magnitude and direction of the transmatter
phase shift as that of the test angle resulting in the least
difference between the tracked slope polarity of the ret-
erence signal and the tracked slope polarity of the feed-
back signal.

18. The wireless communication transmitter of claim 17
wherein the phase shift computation circuit 1s further config-
ured to select the plurality of test angles from a range of
candidate angles.

19. The wireless communication transmitter of claim 14
wherein the reference signal and the feedback signal are each
a complex signal having a number of Cartesian components,
and wherein the one or more slope polarity tracking circuits
are configured to track the slope polarities of the reference
signal and the feedback signal by tracking the slope polarities
of the same Cartesian component of the reference signal and
the feedback signal.

20. The wireless communication transmitter of claim 14:

wherein the reference signal and the feedback signal are

cach a complex signal having first and second Cartesian
components;

wherein the one or more slope polarity tracking circuits are

configured to track the slope polarities of the reference
signal and the feedback signal by tracking the slope
polarities of each signal’s first and second Cartesian
components; and

wherein the phase shift computation circuit is configured to

compute the transmitter phase shift by computing a
phase shift in each of multiple determination intervals,
the computation being based in each interval on both
differences in the tracked slope polarities of the first
Cartesian components and differences in the tracked
slope polarities of the second Cartesian components, or,
alternatively, the computation being based 1n some inter-
vals on only differences in the tracked slope polarities of
the first Cartesian components and 1n other intervals on
only differences 1n the tracked slope polarities of the
second Cartesian components.

21. The wireless communication transmitter of claim 14:

wherein the reference signal and the feedback signal are

cach a complex signal having first and second Cartesian
components;

wherein the one or more slope polarity tracking circuits are

configured to track the slope polarities of the reference
signal and the feedback signal by tracking the slope
polarity of each signal’s first or second Cartesian com-
ponent, and, respectively, tracking the slope polarity of
teedback signal’s second or first Cartesian component;
and

wherein the phase shift computation circuit is configured to

compute the transmitter phase shiit by:

detecting rising or falling edges of the slope polarity of

cach signal’s first or second Cartesian component by

10

15

20

25

30

35

40

45

50

14

comparing the tracked slope polarities of the signals’
first or second Cartesian component; and
determining the direction of the transmitter phase shiit
as a function of the tracked slope polarity of the feed-
back signal’s second or first Cartesian component
evaluated at the rising or falling edges of the slope
polarity of each signal’s first or second Cartesian
component.
22. The wireless communication transmitter of claim 14:
wherein the reference signal and the feedback signal are
cach a complex signal having first and second Cartesian
components;
wherein the one or more slope polarity tracking circuits are
configured to track the slope polarnties of the reference
signal and the feedback signal by tracking the slope
polarity of each signal’s first or second Cartesian com-
ponent, and, respectively, tracking the slope polarity of
the reference signal’s second or first Cartesian compo-
nent; and
wherein the phase shift computation circuit 1s configured to
compute the transmitter phase shiit by:
detecting rising or falling edges of the slope polarnity of
cach signal’s first or second Cartesian component by
comparing the tracked slope polarities of the signals’
first or second Cartesian component; and
determining the direction of the transmitter phase shift
as a function of the tracked slope polarity of the ref-
erence signal’s second or first Cartesian component
evaluated at the rising or falling edges of the slope
polarity of each signal’s first or second Cartesian
component.
23. The wireless communication transmitter of claim 14:
wherein the input signal 1s a baseband signal and the cor-

responding transmit signal 1s a radio signal; and

wherein the derivation circuit 1s configured to derive the
reference signal from the input signal and the feedback
signal from the corresponding transmit signal by syn-
chronizing the reference signal with a baseband repre-
sentation ol a transmit signal that corresponds to the
input signal.

24. The wireless communication transmitter of claim 14
turther comprising a phase shift compensation circuit config-
ured to compensate for the transmitter phase shift by adjust-
ing the phase of the input signal.

25. The wireless communication transmitter of claim 24
wherein the phase shift compensation circuit 1s further con-
figured to dynamically compensate for the transmitter phase
shift upon changes in the configuration of one or more of the
transmuit path circuits.

26. The wireless communication transmitter of claim 14
wherein the mput signal 1s represented with either Cartesian
components or polar components.
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